Ð A new cladistic method for the estimation of ancestral areas is based on reversible parsimony in combination with a weighting scheme that weights steps in positionally plesiomorphic branches more highly than steps in positionally apomorphic branches. By applying this method to cladograms of human mitochondrial DNA, the method is superior to previously proposed algorithms. T he method is also an appropriate tool for the solution of the redundant distribution problem in area cladograms. Under the assumption of allopatric speciation, redundant distributions, i.e., sympatry of sister groups, sho w that dispersal has occurred; thus, the ancestral area of at least one sister g roup was smaller than the combined distribution of its descendants. W ith the weighted ancestral area analysis, the ancestral areas can be con® ned and at least some dispersal events can be distinguished fro m possible vicariance events. As applied to a cladogram of the Polypteridae, weighted ancestral area analysis is superior to Bro oks parsimony analysis (assumption 0) and component analysis under assumptions 1 and 2 (Nelson and Platnick, 1981, Systematics and biogeography: Cladistics and vicariance. Columbia Univ. Press, New York.) in resolving redundancies. T he results of the weighted ancestral area analysis may di er from the results of dispersal-vicariance analysis, because the rules of dispersal-vicariance analysis indirectly favor the questionable assumption that the ancestral species occupied only one unit area.
In this paper, I focus on two issues of historical biogeography that have not been linked to each other thus far: ancestral area analysis and the redundant distribution problem in area cladograms.
Bremer (1992) was the ® rst to develo p a procedure for estimating ancestral areas of individual groups from the topological information in their area cladograms, using Camin± Sokal (irreversible) parsimony. Ronquist (1994 Ronquist ( , 1995 has shown that the results of Bremer's metho d are not always in accordance with the assumption that positionally plesiomorphic areas in an area cladogram are more likely parts of the ancestral area than are positionally apomorphic areas. Therefo re, he proposed an alternative metho d for the estimation of ancestral areas by using reversible parsimony. However, Bremer (1995) demo nstrated that Ronquist's metho d also has some problems. T he results of Ronquist's metho d are very indecisive, and the di erence between the relative probability values for alternative assig nments decreases with increasing tree size.
If one assumes that the ancestor of a group occupied all areas settled by its descendants today, no ancestral area analysis is necessary. However, if the distribution of the ancestral species is assumed to be smaller than the combined areas of its descendants, a metho d for the estimation of the ancestral area would be desirable. Bremer (1992:440) justi® ed the assumption that the area of the ancestral species was smaller than the combined areas of its descendants with the hy pothesis``that the size of species distribution areas was about the same in the past as they are today.'' T his hypothesis is similar to the basic assumption of dispersal biogeography, namely, that each group originated in a more or less small ancestral area, the center of orig in, and that the distribution areas have subsequently expanded by dispersal. T his assumption was rejected by the school of vicariance biogeography (e.g., Croizat et al., 1974; Nelso n and Platnick, 1981; Humphries and Parenti, 1986) .
However, in the same classical paper in which Croizat et al. (1974:265) rejected``the Darwinian concept of center of origin and its corrollary , dispersal of species, as a conceptual model of general applicability in histo rical biogeography ,'' they``admit the reality of disper-sal and specify how examples of dispersal may be recognized with reference both to sympatry and to generalized tracks.'' However, these criteria are valid only if one assumes that allopatric speciation is the predominant mode of speciation (Croizat et al., 1974) . If sympatric speciation occurs, sy mpatry is not necessarily evidence for dispersal. Nonetheless, allopatric speciation is a basic assumption of vicariance biogeography and will also be assumed in the following discussio n.
Thus, from the beginning of the analytical phase of biogeography , criteria have been available to indicate whether dispersal must have been involved in the origin of a distribution pattern. Although the distribution patterns of most of the larger groups of organisms involve sympatry, Platnick and Nelso n (1978) neglected the sy mpatry criterio n for dispersal in their analytical metho d. Instead, they (Nelson and Platnick, 1981) intro duced two assumptions to deal with sy mpatric occurrences (redundant distributions), both of which ignore the sympatry criterion. So far, the sympatry criterio n has not been implemented in any analytical metho d.
In the following , a new algorithm for ancestral area analysis is develo ped that avoids the drawbacks of both Bremer's method and Ronquist's metho d. As I will show, this metho d is also an appropriate tool for the solution of the redundant distribution problem. W ith this metho d, the ancestral areas of the individual clades can be con® ned and at least some dispersal events can be disting uished from possible vicariance events. W EIGHTED ANCESTRAL AREA ANALYSIS Bremer (1992) coined the term ancestral area for the distribution area of the ancestor of a monophyletic group. He described a cladistic procedure for the estimation of the probability that parts of the recent distribution area of a group were part of the ancestral area. This metho d was based on the assumption that the probability of an area's being part of the ancestral area increases with its presence in positionally plesiomorphic branches and its general frequency in the area cladogram. Each area is treated as a single character, which is optimized onto the cladogram by using either forward or reverse Camin± Sokal parsimony. Comparing the number of necessary gains and losses under the two optimizations, respectively, Bremer (1992) estimated which areas were most likely parts of the ancestral area.
In a critique of Bremer's (1992) method, Ronquist (1994:269) stated, Because Bremer's method employs Camin-So kal (irreversible) parsimony in reconstructing ancestral areas, it produces meaningful results only if the process is irreversible. In other words we would have to assume that dispersal (or rather, area shifts) always occurred away from the ancestral area. Ronquist (1994) proposed a metho d that uses reversible parsimony for estimating the ancestral areas, to avoid the problems associated with irreversible dispersal. He estimated the probability that an area was the ancestral area by the number of necessary steps S in the area cladogram under the assumption that the area was the ancestral area. T he most probable ancestral area is the area that, given the tree, requires the minimum number of steps to explain the distribution of areas among terminal taxa.
Unfortunately, the results produced by the metho d proposed by Ronquist (1994) are often even less consistent with the above assumption (i.e., that the probability of an area's being part of the ancestral area increases with its presence in positionally plesiomo rphic branches and its general frequency in the area cladogram) than those of Bremer's metho d. T he number of necessary steps S in an area cladogram under the assumption that a given area was the ancestral area di ers for the various areas by two at most (if two branches issue from the ancestral node; Ronquist, 1995) . In the worst case, the assumption that a given area was the ancestral area, although it is represented in only one or a few positionally apomorphic branches, results in two additional steps, i.e., two loss steps in the two primary sister groups of the analyzed taxon. It is a paradoxical scenario to assume that an area was the ancestral area of a taxon but was not the ancestral area of either of the two primary sister groups. A further problem is that the number of steps S is dependent on the size of a cladogram (Bremer, 1995) . T o obtain a measure of the relative probability for various ancestral area hypotheses (RP value), Ronquist (1994) inverted the number of steps S and multiplied them with the smallest S value. Because the number of steps S between the best hypothesis and the worst hy pothesis is two at most, the RP values will be much more similar for large cladograms with many steps than for small cladograms with few steps (Bremer, 1995) . These problems are obvious in the examples of the human mtD NA phylogenies (see below).
In the metho d I propose (weighted ancestral area analysis), a parsimony technique permitting reversible change between the states (i.e., the areas) is used, as recommended by Ronquist (1994 Ronquist ( , 1995 . However, in contrast to Ronquist (1994) , the most probable reconstruction for the ancestor is not always the state that, given the tree, requires the minimum number of steps to explain the distribution of states among terminal taxa. Loss and gain steps have opposite in¯uences on the calculation of the probability that an area was part of the ancestral area. A step in which area X is apparently replaced by a di erent area diminishes the probability that area X was part of the ancestral area. However, if area X is apparently recolonized by a subgroup of that branch, this step increases the probability that this area was actually part of the ancestral area. Therefo re, gain steps and loss steps concerning area X are counted separately under the assumption that area X respectively was or was not the ancestral area, similar to the case in Bremer's (1992) metho d. An index to the probability that area X was part of the ancestral area is given by the quotient of the two values.
An additional modi® cation is necessary to consider the assumption that``[a]reas that are positionally plesiomorphic in the area cladogram are more likely parts of the ancestral area than are positionally apomorphic areas'' (Bremer, 1992:440) . To take this into consideration, the proposed metho d includes a weighting procedure that weights steps in the positionally plesiomorphic branches more highly than in the positionally apomorphic branches. Although various weighting schemes are possible, it seems preferable to apply a concave weig hting function, which weights plesiomorphic branches distinctly more hig hly than apomorphic branches. A simple concave func-tion is 1/ x, in which x is the number of internodes as counted from the common ancestor. This function will be applied in the following.
If steps in positionally apomorphic and positionally plesiomorphic branches are weighted di erently , then an optimization algorithm must be chosen. Consider ® rst the calculation of the gain steps. If it is more likely that an area was colonized once by an ancestor, and some descendant lineages are no longer present in that area because of extinction or the subdivision of the ancestral area by allopatric speciation (vicariance), the accelerated transformation optimization (Swo ord, 1993) has to be used. If, on the other hand, it is more likely that an area was colonized several times independently, then the delay ed transformation optimization is appropriate. Now consider the calculation of the loss steps. If it is more likely that a group is no longer present (because of extinction or vicariance) in an area that was part of the ancestral area, but some subgroups of the group recolonized that area, then the accelerated transformation optimization has to be used. If, on the other hand, it is more likely that an area was lost by extinction or vicariance several times independently, the delay ed transformation optimization is appropriate. In the following, I have used the accelerated transformation optimization for all calculations. All calculations were also done for the delay ed transformation optimization (data not shown), but in most examples examined so far, the choice of the optimization has had no e ect on the results, usually altering the values only slightly . T he only example in which the choice of the optimization a ected the order of the probability indices is the calculation of the index of area A for clade 27 of the Polypteridae (see below), which is greater than the indices of area B, C, and D in the calculation with the accelerated transformation optimization, but lower than the indices of these areas with the delayed transformation optimization.
T o sum up, one can calculate an index for the probability that an individual area was part of the ancestral area through the following steps.
1. O ptimize area X (character X) on the tree, under the assumption that area X was not part of the ancestral area.
2. W eight the steps in the branches above the x interno de with 1/ x and count the number of weighted gain steps (GSW ). 3. O ptimize area X on the tree under the assumption that area X was part of the ancestral area. 4. W eight the steps as described and count the number of weighted loss steps (LSW ). 5. Repeat steps 1 ± 4 for every area. 6. Calculate the probability index, PI 5 G SW/ LSW , for every area.
Bremer (1992) has proposed to rescale the G /L quotients by divisio n with the largest G/L quotient found for the cladogram (to a maximum value of 1). However, the size of the rescaled quotients (AA) depends on the highest G /L value of any area, whereas the actual probability that an area was part of the ancestral area is not dependent on the probability that another area was part of the ancestral area. M oreover, the AA value cannot be calculated if the G /L value is in® nite, because all members of a clade are represented in that area.
The delimitatio n of the areas can a ect the results of the ancestral area analysis. Each area with a di erent combination of taxa should be analyzed separately. Lumping together areas with di erent combinations of taxa will overestimate the degree of sy mpatry and hence overestimate the minimum number of dispersal events. Some combining of small areas might be acceptable, but the e ects of di erent area delimitations should be controlled.
It is possible to de® ne a thresho ld PI value, below which an area is considered unlikely to have been part of the ancestral area. If it is reasonable to suppose that a distribution area is not larger than n areas, one can also restrict the number of areas that may have been occupied by any ancestral species to the n areas with the hig hest PI values.
HYPO T HETICAL EXAM PLES
This algorithm has been applied to the examples of Ronquist (1994) in which Bremer's metho d is not consistent with his assumptions. T he results of the three algorithms for the cladogram depicted here in Figure 1a (Ronquist, 1994; his Fig . 2 ) are shown in Table 1 . According to the results of weig hted ancestral area analysis, but in contrast to the results of Bremer's method, it is more probable that area A was the ancestral area than that area B was. According to Ronquist's metho d, both areas were just as likely to have been part of the ancestral area. However, area A would have to be colonized twice if it was not the ancestral area, whereas area B would have to be colonized only once. Because of the second (positionally apomorphic) clade occurring in A, then area A was more likely the ancestral area. T he results of the three algorithms for the cladogram depicted here in Figure 1b (Ronquist, 1994; his Fig . 3 ) are shown in Table 1 . Again, according to the weighted ancestral area analysis, in contrast to the results of Bremer's method but in accordance with the results of Ronquist's metho d, area A is more likely part of the ancestral area than is area B.
REAL EXAM PLE: G EO GRAPHIC O RIGIN O F
HUM AN M T DNA I also have used weighted ancestral area analysis to reex amine the data on the geographic orig in of human mitochondrial D NA (mtDNA). Bremer (1992) and Ronquist (1994) have analyzed the phylogenetic trees of Vigilant et al. (1991) and M addison et al. (1992) with their metho ds. In Table 2 (1994), and of the weighted ancestral area analysis are compiled.
Concerning the tree of Vigilant et al. (1991) , all three metho ds agree that Africa is most likely part of the ancestral area. However, in contrast to the results of Bremer's metho d and the weighted ancestral area analysis, Ronquist (1994) concluded that the other areas are almost equally likely parts of the ancestral area. T he 14 deepest branches in the cladogram of Vigilant et al. (1991) lead exclusively to African mtDNA types. mtDNA types from other areas are represented only in positionally apomorphic branches. For example, only one positionally apomorphic branch leads to an Australian mtD NA type. Ronquist's (1994) conclusion that Australia is almost equally as likely as Africa to be part of the ancestral area is not consistent with the assumption that the probability of an area's being part of the ancestral area increases with its presence in positionally plesiomorphic branches and its general frequency in the area cladogram.
For the tree of M addison et al. (1992; their Fig. 4) , the results of the three metho ds di er considerably . Bremer's metho d suggests that Europe and Africa are most likely parts of the ancestral area, and Ronquist's metho d sugg ests that Asia and New G uinea are most likely parts of the ancestral areaÐ although the RP values of all areas are very similar. T he weig hted ancestral area analysis suggests that New G uinea is most likely part of the ancestral area, followed by Asia. T he outcome of the weighted ancestral area analysis re¯ects the data that one of the primary branches in the cladogram 1 9 9 8 HAUSD O RFÐ W EIGHT ED ANCEST RAL AREA ANALYSIS 449 T ABLE 1. Estimation of the ancestral area for the cladograms depicted in Figure 1 by the methods of Bremer (19 92 ) and Ronquist (1994) and weighted ancestral area analysis (W AAA). G 5 number of necessary gains under forward Camin± Sokal parsimony; L 5 number of necessary losses under reverse Camin± Sokal parsimony; S 5 number of necessary steps if the area was the ancestral area; RP 5 S values rescaled to a maximum value of 1 by inverting them and multiplying by the smallest S value; G SW 5 number of weighted gain steps; LSW 5 number of weighted loss steps; PI 5 G SW / LSW .
Bremer
Ronquist W AAA Fig. 4 ) by the methods of Bremer (19 9 2 ) and Ronquist (1 9 9 4) and weighted ancestral area analysis (W AAA). Abbreviatio ns as in T able 1. (1992) consists exclusively of mtDNA types from New G uinea and that the two deepest branches of the other primary branch lead to Asian mtD NA types; the two following branches also lead mainly to Asian mtDNA types. O n the other hand, the results of Ronquist's metho d are again not in accordance with the above stated assumption. Consider, for example, Australia: It is represented only by one positionally apomorphic branch and therefo re the probability that this area was part of the ancestral area should be distinctly lower than that of the other areas. Ronquist (pers. comm.) stressed that in this example it is impossible for any area to have an RP value less than 0.97 and that the RP value is not a probability, but only an index to the probability. However, this example shows that RP is an inferio r index in comparison to PI, because it does not indicate the di erences between the probabilities of the hypotheses that Asia and that New G uinea were parts of the ancestral area (the same is true for Africa, Europe, and Australia). The result of Bremer's metho d appears to be inconsistent with his assumption. Although one of the primary branches leads exclusively to mtD NA types from New G uinea, the G /L value for New G uinea is distinctly smaller than the G /L values for Africa, Europe, and Asia. The G /L value for Asia is lower than the G /L value for Europe or Africa, although the four deepest branches of the other primary branch lead mainly to Asian mtDNA types.
W HY AND HO W T O APPLY W EIGHTED ANCESTRAL AREA ANALYSIS
The examples above show that weighted ancestral area analysis avoids the drawbacks of Bremer's metho d as well as those of Ronquist's metho d. Consequently, this algorithm is a suitable analytical tool for the estimation of ancestral areas. However, why should we assume that the ancestral area was smaller than the present area? As Bremer (1992:440) stated,``W e may of course accept the null hypothesis of vicariance biogeography, i.e., the ancestral area was equivalent to the present area. '' Bremer (1992:440) proposed an alternative hy pothesis,``that the size of species distribution areas was about the same in the past as they are today.'' T his hy pothesis was also accepted by Ronquist (1994) . O ne could object to this hypothesis on the basis that in former times, at least on land, fewer species were present and, hence, the biotic enviro nment was more equal over the globe and interspeci® c competition was less sti . Consequently , species might have occupied distinctly larger geographic ranges than they do today.
Preliminarily, we may accept the null hypothesis of vicariance biogeog raphy, namely, that the area occupied by the ancestor of a group is equivalent to the combined distribution of its descendants. However, if this hypothesis results in an overlap of the ancestral areas of sister groups, the sympatry indicates that dispersal has happened and that the area of at least one of the ancestral species of the sister groups was smaller than the combined distribution of its descendants.
In this case, weig hted ancestral area analysis is an appropriate tool for examining which areas were occupied by the ancestral species of each sister group and which areas were colonized secondarily by the two groups. T he following procedure can be used to investigate vicariance-dispersal scenarios:
1. Calculate for each of the primary sister groups the PI for every area. 2. Compare the PI values for each individual area. Each individual area was more likely part of the ancestral area of that sister group for which it has the higher PI value. Reg ions that were not part of the ancestral area of a clade must have been colonized secondarily by some members of that clade. If the PI values for an area are similar in the two sister groups, the determinatio n is ambiguous as to which ancestral area that area was a part of. This may be due to an allopatric speciation within that area. In that case, parts of that area might have been parts of the ancestral area of both sister groups. O r, it may also be due to sympatric speciation. 3. Repeat steps 1 and 2 for all sister groups in the cladogram. By this procedure the ancestral areas of the individual clades can be con® ned and at least some dispersal events can be distinguished from possible vicariance events.
A problem with this approach is that the PI is in® nite for all areas of terminal branches. This may result in an overestimatio n of the ancestral area of widespread terminal taxa and an underestimation of the ancestral area of their sister groups. O ne way possibly to solve this problem is to constrain the ancestral distributions to contain maximally x areas.
The idea of the described procedure has already been used in a study of the Dyakiidae (Gastropoda) (Hausdorf, 1996) . However, in that study the algorithm of Bremer (1992) was applied for the ancestral area analysis.
As an example for the proposed procedure, I will analyze the phylogeny of the Polypteridae, based on the analysis by Platnick and Nelso n (1984) (Fig . 2) . The PI values of all areas for all clades are listed in Table 3 . T he ancestral areas of the clades are con® ned by using these values as described and are shown in Figure 2 . If two sister groups have the same PI value for an area, this area is listed for both groups in parentheses. T his can mean that either the area was occupied by only one of the two ancestral species or that parts of that area were parts of the ancestral area of both sister groups. Sympatric speciation within that area is also a possible interpretatio n. Areas with a PI value less than 0.2 are included in square brackets.
Consider, for example, the two primary sister groups, clade 18 and clade 26. The geographical range of clade 18 includes the areas A, B, C, D, and II; the geographical rang e of clade 26 includes the areas A, B, C, D, I, and II. T he geographical ranges of the two primary sister groups widely overlap, and the null hy pothesis of vicariance biogeography must be rejected. It is more probable that the areas II, B, C, and D were part of the ancestral area of clade 18, because the PI values of these areas are hig her for clade 18 than for clade 26, whereas it is more probable that the areas A and I were part of the ancestral area of clade 26. However, the PI value of area I for clade 26 is very small and, therefo re, one mig ht question whether this area was actually part of the ancestral area of clade 26 (although this possibility cannot be excluded by the available data). If a PI thresho ld value were ® xed, e.g., at 0.2, area I would not be considered part of the ancestral area of clade 26. If sound paleogeographical data are available, they mig ht also be used to estimate the likeliho od that an area was part of the ancestral area a posterio ri. Both area A, the probable ancestral area of clade 26, and area I are part of the African craton; they were therefore in the same relative position, at least in the Cenozoic and the M esozoic. Both areas are widely separated, and area B, which was not part of the ancestral area of clade 26, is intercalated between them. T herefo re, it is very improbable that area I was part of the ancestral area of clade 26. Nevertheless, one should bear in mind the possibility of a relationship of areas A and I. If a similar disjunctio n is found in many groups, this might have a general cause. But if the disjunction remains an individual case, it is more probably attributable to dispersal than to an unkno wn tectonic plate event.
W EIGHTED ANCESTRAL AREA ANALYSIS IN T HE FRAM EW O RK O F CLADISTIC BIO GEO GRAPHY
Using the same data, one can construct a general area cladogram for the polypterid ® shes by utilizing Brooks parsimony analysis (W iley, 1988; Brooks, 1990) . W hereas the ® rst vicariance event in the history of the polypterids was probably between area II 1 B 1 C 1 D and area A (plus perhaps, although improbably, area I) according to the weighted ancestral area analysis (Fig . 2) , the primary vicariance event was between area I and areas II 1 A 1 B 1 C 1 D , according to the general area cladogram (Fig . 3a) constructed with Brooks parsimony analysis. However, area I is inhabited by one terminal species only and therefo re it is very unlikely that there was a primary vicariance event between area I and areas II 1 A 1 B 1 C 1 D. This result is an artifact caused by the rooting with an hypothetical outgroupÐ in which no member of the examined group is present and which therefore clusters with area I in which only one species is present.
O n the basis of the same data, Platnick and Nelso n (1984) also prepared a general area cladogram for the polypterid ® shes, using component analysis, assumption 1 (Nelson and Platnick, 1981) . In contrast to the result of the weighted ancestral area analysis (Fig . 2) , the primary vicariance event was between areas I 1 II and areas A 1 B 1 C 1 D, according to the general area cladogram of Platnick and Nelso n (1984) (Fig . 3b) . However, the combined area I 1 II is inhabited by one positionally apomorphic group only and therefo re it is very unlikely that there was a primary vicariance event between areas I 1 II and areas A 1 B 1 C 1 D .
Because Brooks parsimony analysis and component analysis assume a sing le general pattern of area relationships and do not include the possibility of dispersals, the structure of the general area cladograms generated with these metho ds is already strongly constrained by the ® rst vicariance event in the tree. T herefo re, a comparison of the following nodes in those general area cladograms with the vicariancedispersal scenario constructed by weighted ancestral area analysis is not meaning ful.
The operation of component analysis concerning redundant distributions (more than one member of a clade in the same area) has to be examined more closely. Nelso n and Platnick (1981) have proposed two alternative solutions of redundancy . T hese solutions will be discussed on the basis of the cladogram in Figure 4a (Page, 1988) . For the generatio n of a pattern with three separate areas, two vicariance or dispersal events are necessary in any case. For each solution of the redundancy, the necessary additional ad hoc hypotheses will be investigated. In the following, all speciations are assumed to be allopatric.
Under their assumption 1, Nelso n and Platnick (1981:421) proposed``that whatever is true of the one occurrence is true of the other occurrence.'' To explain the resulting scenario ( Fig . 4b) , one must assume that the stem species 1 speciated in the area ABC. As a result of the allopatric speciation, each of the two species 2 and 8 orig inally occupied only a restricted range within the area ABC. However, before the next speciations happened, both species had to colonize the rang e of the other species. T hus, this scenario requires two additional dispersal events. Furthermo re, it requires two additional extinction events (of species 10 and 11).
Under their assumption 2, Nelso n and Platnick (1981:432) proposed,``that whatever is true of the one occurrence might not be true of the other occurrence.'' Thus, one of the two occurrences of species in area C is considered an item of error and is deleted. This results in two di erent area cladograms (Figs. 4c, 4d ). T he cladogram in Fig ure 4c implies that species 2 was present in area ABC and that the species 5, 6, and 7 originated by vicariance events. However, it is unclear where species 4 originated. Although endemic to area C, species 4 could not have originated there because this area was occupied by species 2. For the assumption that species 4 originated elsewhere (in area X), two additional ad hoc hy potheses would be necessary: (1) Species 4 is assumed to have dispersed from area X to area C, and (2) species 4 is assumed to have become extinct in area X. The cladogram in Figure 4d implies that species 1 split into species 4 in area C and species 2 in area AB. T his scenario requires that area C be colonized by species 2, 3, or 7.
Applying weig hted ancestral area analysis to the cladogram in Fig ure 4a sugg ests that species 4 originated in area C (the PI value for that area is in® nite). The PI values for species 2 are 1.0 for area A and 0.33 for areas B and C. Because the PI value of area C is higher for species 4, the original range of species 2 included only the areas A and B. Like the cladogram in Figure 4d , the result of the weighted ancestral area analysis implies that area C has been colonized either by species 2, 3, or 7.
The result of the weig hted ancestral area analysis requires only one additional ad hoc hypothesis to explain the redundancy, whereas under assumption 1 of Nelson and Platnick (1981) four additional ad hoc hypotheses are necessary. The outcome of one of the two cladograms generated under assumption 2 of Nelso n and Platnick (1981) is identical to the result of the weighted ancestral area analysis, whereas the other cladogram requires two additional ad hoc hypotheses. T heir assumption 2 does not disting uish between the two cladograms. Consequently , weig hted ancestral area analysis is superior to both assumptions of Nelso n and Platnick (1981) in reso lving redundancies.
There is no information in the initial cladogram (Fig. 4a ) or the ancestral area cladogram (Fig . 4d ) that indicates whether area C has been colonized by species 2, 3 or 7. However, this question mig ht tentatively be solved if a wellcorroborated general area cladogram is available. If there is a component BC or ABC in a general area cladogram, it is probable that area C was colonized by species 3 or 2. Brooks (1990) sugg ested recoding redundant areas as di erent areas a posterio ri and deciding which of the recoded areas are misplaced in the area cladogram by comparing the biogeographical area cladogram with a geological hy pothesis. This procedure results in an adjustment of the biogeographical hypotheses to current geological hy potheses. However, most biogeographers aim at the formulation of independent hypotheses of area relationships, based only on the biogeographical data (e.g., Humphries and Parenti, 1986) .
Under the assumption of allopatric speciation, redundant distributions in a cladogram, or in other words, sy mpatry of sister groups, is the corollary of dispersal (Croizat et al., 1974; Platnick and Nelso n, 1978) . T hat means that the area of at least one of the ancestral species of the sister groups was smaller than the com-bined areas of its descendants. Using weighted ancestral area analysis allows the ancestral areas to be con® ned. Neither component nor Brooks parsimony analysis nor any other available metho d for the construction of general area cladograms can resolve the redundant area problem, because they igno re the sympatry criterio n and they do not use the information about the ancestral areas in the cladogram. Component metho ds treat all components equally, although it can be inferred from the cladogram which groups of areas are probably not the result of vicariance events but rather of dispersal events. Brooks parsimony analysis does not take into account that the character states of certain characters are not independent; i.e., if a clade was orig inally present in an area, its sister group must have been originally absent in that area.
DISPERSAL-VICARIANCE ANALYSIS AND W EIGHTED ANCESTRAL AREA ANALYSIS
After the present paper had been submitted for publication, Ronquist (1997) proposed a new metho d for the reconstruction of ancestral distributions and the analysis of vicariance-dispersal scenarios: dispersal-vicariance analysis (see also Ronquist, 1996) .
T here is a mino r di erence between the ancestral distributions calculated by dispersalvicariance analysis and by comparison of PI values. W hereas the distribution of an ancestral species immediately after its origin is inferred by comparing the PI values, dispersal-vicariance analysis gives the distribution of the ancestral species immediately before the next speciation. Therefo re, the results of the two metho ds should di er, if the ancestral species dispersed into additional areas after its origin. The distribution of the ancestral species immediately before the next speciation can also be inferred from the results of the comparison of PI values by summing the ancestral areas of the two descendant species of the ancestral species.
M ore important is that the results of the two methods may di er because of di erent assumptions. T he critical assumption of dispersal-vicariance analysis is that allopatric speciation within a single unit area and the following dispersal within that unit area costs zero, whereas otherwise dispersal costs one per unit area added to the distribution. If one is to justify the assumption that dispersal within one unit area is free of charge, the unit areas have to be small (Ronquist, 1996) . This assumption is hardly justi® ed if unit areas such as South America or the W est Palaearctic (Nordlander et al., 1996; Ronquist, 1997) are used.
This assumption has a severe side e ect. Consider the two speciation scenarios shown in Figure 5 . T he two scenarios (a± d) and (e ± h) are identical except that in the second scenario (e ± h), some populations of the ancestral species occur in an additional unit area. According to the rules of Ronquist (1996 Ronquist ( , 1997 , the cost of the ® rst scenario (a± d) is zero. However, according to these rules, the second scenario (e ± h) costs one, because one must assume that either the ancestral species occupied both areas and one descendant became extinct in the one area (extinction cost one), or the ancestral species occcupied only one of the areas and one descendant species dispersed in the other area (dispersal cost one). Since essentially the same is happening in both scenarios, the di erent costs are not real. If the scenario in Figure  5e ± h repeats, the cost for the assumption that the ancestral area included both areas is two (two imaginary extinctions), whereas the cost for the assumption that the ancestral area included only one area is one (one imaginary dispersal into the area occupied by one species only) (see Ronquist, 1997; his Fig. 3a, b) . Thus, Ronquist's rules indirectly favor the assumption that the ancestral species occupied only one unit area. T his assumption might be justi-® ed, if the unit areas are large. However, then the assumption that dispersal within the unit areas costs zero is untenable.
If the dispersals of the two descendant species within an unit area after an allopatric speciation in that area cost one, many more optimal ancestral area combinations would be found.
T he ancestral area combinations found with weighted ancestral area analysis do not require more dispersal events than these optimal combinations. T hey are additionally constrained by the assumption that the probability of an area's being part of the ancestral area increases with its presence in positionally plesiomorphic branches and its general frequency in the cladogram. If this assumption is wrong , the results of the weighted ancestral area analysis will be wrong, too.
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